Context: Polycystic ovary syndrome (PCOS) and adolescent hyperandrogenism (HA) are characterized by rapid luteinizing hormone (LH) pulse frequency. This partly reflects impaired gonadotropin-releasing hormone pulse generator (hypothalamic) sensitivity to progesterone (P4) negative feedback. We assessed whether metformin may improve P4 sensitivity in adolescent HA, for which it is prescribed widely.
dysfunction (2) . Similar neuroendocrine abnormalities have been described in adolescent HA (3) , which can represent a precursor to adult PCOS.
Progesterone (P4) is the primary inhibitor of gonadotropinreleasing hormone (GnRH) pulse frequency (4) . Prior studies have demonstrated relative GnRH pulse generator resistance to P4 negative feedback in PCOS. For example, Pastor et al. (5) demonstrated that 7 days of exogenous P4 and estradiol (E2), which achieved physiologic luteal concentrations, suppressed LH pulse frequency by 60% in normal women but by only 25% in adult PCOS. Similar abnormalities have been observed in adolescent HA (6, 7) . This defect appears to reflect hyperandrogenemia, because sensitivity to P4 negative feedback can be normalized in adult PCOS with androgen-receptor blockade by flutamide (8) .
Metformin has been extensively studied as a treatment of PCOS in animal models and humans. In prenatally androgenized female mice, metformin restored regular menses and normalized both GnRH neuronal firing rates and LH levels (9) . Our group previously assessed the effect of short-term metformin use on hypothalamic P4 sensitivity in adults with PCOS (10); despite reductions in both testosterone (T) and insulin, metformin did not improve hypothalamic P4 sensitivity. However, results of a study in adolescent girls with HA suggested hypothalamic insensitivity to P4 suppression correlated with higher fasting insulin levels (7). Moreover, it is possible that metformin is more effective when administered earlier in life, before the pathophysiology of PCOS is fully established. Therefore, we posited metformin would improve hypothalamic sensitivity to P4-negative feedback when administered to adolescent girls with HA.
Participants and Methods

Participants
Postmenarcheal adolescent girls (N = 10) were studied at the University of Virginia (UVA). Eligible participants were healthy girls aged 10 to 17 years with HA (defined by hirsutism and/or morning free T level more than two standard deviations above the mean for our previously studied cohort of normal-weight [body mass index (BMI)-for-age percentile, 5 to 85] control participants of the same Tanner stage) (11) . Specific free T cutoffs relevant to the current study were 29.8 pmol/L (at Tanner 4) and 31.2 pmol/L (at Tanner 5). Exclusion criteria included congenital adrenal hyperplasia, hyperprolactinemia, and hypothyroidism; abnormal screening laboratory study results; and use of medications known to affect the reproductive axis within 90 days before the study. Participant characteristics are shown in Table 1 .
Study procedures
Study procedures were approved by the Institutional Review Board of UVA. Informed assent and consent were obtained from all participants and their custodial parents, respectively. To ensure general good health and the absence of unexpected hormone levels, all participants underwent a detailed, physician-obtained medical history and physical examination, which included breast examination for pubertal Tanner staging, in addition to fasting laboratory evaluation, as previously described (12) .
A study schematic is presented in Fig. 1 . Immediately before all overnight admissions, participants' urine samples were determined to be negative for human chorionic gonadotropin. Girls with regular menses were admitted for initial overnight study from day 7 to 11 (inclusive) of the menstrual cycle, and girls with fewer than 10 menses per year were admitted on or after day 7 of the cycle. Serum P4 was assessed within 3 days before admission; if the P4 level was .1.5 ng/mL, the admission was rescheduled. Participants were given instructions to eat a diet containing .150 g of carbohydrate per day for the 3 days preceding admission. Participants were admitted to the clinical research unit (CRU) at 5:00 PM. Frequent blood sampling began at 7:00 PM through an indwelling intravenous catheter in the forearm. LH was measured every 10 minutes; FSH was measured hourly; and P4, E2, and total T were measured every 2 hours. Lights were extinguished and participants were encouraged to sleep from 11:00 PM to 7:00 AM. Participants wore a wrist actigraph to estimate periods of sleep (Motionlogger Basic-L; Ambulatory Monitoring, Ardsley, NY). Participants fasted from 11:00 PM until completion of blood sampling at 9:00 AM. Every 10-minute blood sampling concluded at 6:00 AM, but At discharge from admission 1, participants were supplied with an oral P4 suspension (0.5 mg/kg three times daily at 7:00 AM, 3:00 PM, and 11:00 PM) and oral micronized E2 (Estrace, 1 mg once daily; Apotex Corp., Weston, FL) to be used for 7 days. E2 was administered to standardize serum E2 levels and ensure adequate hypothalamic P4 receptor expression. The P4 suspension was prepared by the UVA investigational pharmacy, as previously described (10) . Participants were instructed to take P4 with food to help standardize absorption patterns. On days 3 and 5 of P4 and E2 use, participants had blood drawn at 5:00 PM to assess serum P4 and E2 levels. On day 3, hemoglobin also was assessed to ensure safety of a frequent sampling protocol on day 7.
The second CRU admission occurred on day 7 of P4 and E2 administration, with procedures identical to those of admission 1, with the exception that OGTT was not performed.
On the day of discharge from admission 2, participants began use of metformin 500 mg daily (Barr Pharmaceuticals, Inc., Montvale, NJ) and were instructed to escalate the total daily dose by 500 mg every 7 days until achieving the target dose of 1000 mg twice daily. During the titration process, participants were contacted for a weekly reminder of each dose increase and to assess for adverse events. Between 35 and 42 days after discharge from admission 2, participants came to the clinic to have blood drawn for a comprehensive metabolic panel (as a safety measure).
The third CRU admission occurred after an average of 11.7 (range, 9.4 to 13.7) weeks of metformin use. The CRU protocol for admission 3 was identical to that of admission 1, including cycle stage requirements, preadmission P4 assessments and dietary instructions, and OGTT.
Upon discharge from admission 3, participants resumed the same doses of P4 and E2 that were given after admission 1, and metformin use was continued. Again on days 3 and 5 of P4 and E2 use, participants had blood drawn at 5:00 PM for P4 and E2 measurements, and hemoglobin was measured on day 3 for anemia screening. The fourth CRU admission occurred on day 7 of P4 and E2 use and followed a protocol identical to that of admission 2. Participants were instructed to discontinue all study medications at the conclusion of admission 4.
Hormonal measurements
UVA's Center for Research in Reproduction Ligand Core Laboratory performed all hormone assays. Each participant's samples were analyzed in duplicate in the same hormonal assay. Assay sensitivities, intra-and interassay coefficients of variation, and manufacturers for all hormonal measurements have been previously reported (13) . For each time point, we used both LH values for the purposes of LH pulse detection (described later in this article); otherwise, the mean of the duplicate assays was used for data analysis. When measured values were below assay sensitivity, they were assigned the value of the assay's sensitivity. Free T was calculated from total T and SHBG levels (14) .
Formulae to convert conventional to international units are as follows: total T = (ng/dL) 3 3.467 (nmol/L); free T = (pg/mL) 3
Data analysis
BMI-for-age percentiles were calculated as previously described (15) . Obesity was defined as BMI-for-age percentile $95, and overweight was defined as BMI-for-age percentile $85 but ,95. LH pulses were identified using the computerized pulse detection algorithm Cluster 7, as previously described (12, 16, 17) .
Statistical analyses
The primary outcome variable was the P4 sensitivity index, which we defined as the percent change in LH pulse frequency (i.e., 11-hour LH pulse count before vs after P4 and E2 administration for 7 days), divided by the day 7 mean serum P4 concentration, as assessed during the overnight CRU admission (7) . As the primary analysis, we compared the P4 sensitivity index after metformin administration to the baseline P4 sensitivity index, using the Wilcoxon signed-rank test, which is a paired difference test based on ranks of observations and requires no assumptions about underlying data distribution.
Secondary analyses included Spearman (nonparametric) correlation procedures to evaluate whether baseline characteristics correlated with baseline P4 sensitivity index. We also used Wilcoxon signed-rank tests to assess for metformin-related changes (i.e., between CRU admissions 1 and 3) in free and total T levels, SHBG levels, fasting insulin levels, and fasting homeostatic method assessment of insulin resistance (HOMA-IR), in addition to metformin-related changes in OGTT-related parameters such as average insulin and glucose levels during OGTTs. Last, we used Spearman correlation to assess whether metformin-related changes in selected characteristics (e.g., free T level) correlated with metformin-related changes in P4 sensitivity index.
Two participants (participants 2 and 7) reported incomplete adherence to metformin, missing .10% of doses. We repeated analyses after exclusion of these two participants. Results were not altered, so we only report results from analyses including all participants.
Unless otherwise stated, data are presented as mean 6 standard deviation. For all tests, a two-sided P value # 0.05 was used as the null hypothesis rejection rule. All statistical analyses were performed using SAS version 9.4 (SAS Institute, Cary, NC). 
Results
Baseline characteristics
Participants' baseline characteristics are presented in Table 1 . Nine girls were obese and one was overweight. Only one participant (participant 2) reported regular menses. Two participants (1, 9) were not hyperinsulinemic at baseline; of note, these participants also had the lowest body weights of the group (63 and 69 kg).
Effect of metformin on hypothalamic sensitivity to P4 negative feedback Before metformin treatment, LH pulse frequency decreased from 9.5 6 1.4 [median, 10; interquartile range (IQR), 9 to 10] pulses per 11 hours in admission 1 to 6.4 6 2.2 (median, 7; IQR, 5 to 8) pulses per 11 hours in admission 2 (P = 0.0020, admission 1 vs 2). Achieved P4 and E2 concentrations during admission 2 were 8.9 6 6.3 (median, 6.1; IQR, 5.5 to 8.3) ng/mL and 173 6 71 (median, 161; IQR, 120 to 214) pg/mL, respectively. Baseline (premetformin) P4 sensitivity index did not significantly correlate with the following baseline characteristics: weight; BMI; BMI-for-age percentile; total T, free T, and fasting insulin levels; HOMA-IR; or mean insulin levels during OGTT.
Participants used metformin for a total of 11.7 (range, 9.4 to 13.7) weeks between the second and third admissions. After metformin treatment, LH pulse frequency decreased from 8.5 6 2.5 (median, 9; IQR, 8 to 10) pulses per 11 hours in admission 3 to 6.0 6 2.4 (median, 6; IQR, 5 to 7) pulses per 11 hours in admission 4 (P = 0.0293, admission 3 vs 4). Achieved P4 and E2 concentrations during admission 4 were 7.5 6 4.7 (median, 5.0; IQR, 3.7 to 11.3) ng/mL and 131 6 59 (median, 114; IQR, 87 to 168) pg/mL, respectively. LH pulse frequencies were similar in admissions 1 and 3 (P = 0.3750), suggesting that metformin alone did not alter basal LH pulse frequency. In addition, achieved P4 and E2 levels were not demonstrably different between admissions 2 and 4 (P = 0.2031 and 0.0840, respectively). Figure 2A presents the percent changes in LH pulse frequency (before vs after P4 and E2 administration for 7 days) as a function of achieved plasma P4 level on day 7, which reflects GnRH pulse generator sensitivity to P4 negative feedback. In Fig. 2A , pre-and postmetformin P4 sensitivity indices for a single individual are connected by arrows pointing from baseline to postmetformin assessments. Overall, the P4 sensitivity index (percent change in LH pulse frequency divided by P4 concentration) before metformin use was 24.12 6 2.39 Figure 2B presents the metformin-related change in P4 sensitivity index for each participant.
Metformin-related changes in P4 sensitivity index did not correlate with metformin-related changes in weight, BMI; BMI-for-age percentile; total T, free T, and fasting insulin levels; HOMA-IR; or mean insulin level during OGTT.
Effect of metformin on secondary outcomes
Metformin-related changes (admission 1 vs admission 3) in mean LH concentrations, LH pulse amplitude, and mean FSH concentrations were not significant (P . 0.3 for all).
Participant weight was 89.6 6 16.8 kg at baseline and 89.8 6 16.8 kg after metformin use [ Fig. 3(A) ]. Metformin use was associated with significant decreases in total T level (44 6 20 ng/dL in admission 1 vs 31 6 19 ng/dL in admission 3; P = 0.0098; Fig. 3(B) ] and free T level [38 6 23 pmol/L in admission 1 vs 27 6 23 pmol/L in admission 3; P = 0.0137; Fig. 3(D) ]. SHBG [ Fig. 3(C) ], androstenedione, and DHEAS levels did not change with metformin use (P . 0.25 for all).
Although Fig. 3E suggests a possible metformin-related decrease in average insulin levels during OGTT, metformin use was not associated with a significant change in average insulin level (200 6 117 U/mL vs 162 6 127 U/mL; P = 0.3008) or average glucose (125 6 12 mg/dL vs 127 6 17 mg/dL; P = 0.6523) during OGTT. Similarly, metformin use was not associated with significant changes in fasting insulin level (26 6 16 vs 30 6 23 U/mL) or HOMA-IR (7.3 6 4.4 vs 8.2 6 9.7; P . 0.3 for both).
Miscellaneous data
Between admissions 1 and 2, P4 concentrations on days 3 and 5 of P4 and E2 administration were 4.0 6 2.6 and 4.6 6 2.5 ng/mL, respectively; whereas E2 levels were 70.4 6 22.5 and 61.3 6 17.2 pg/mL, respectively. Between admissions 3 and 4, day 3 and 5 P4 levels were 4.3 6 2.0 and 2.9 6 1.3 ng/mL, respectively; whereas day 3 and 5 E2 concentrations were 92.7 6 33.2 and 71.7 6 31.2 pg/mL, respectively. Sleep efficiency (i.e., percentage of total sleep time-from first to last sleep epoch-spent asleep) was 89% 6 9%, 84% 6 15%, 89% 6 10%, and 85% 6 8% for admissions 1 through 4, respectively.
Discussion
Relative hypothalamic (GnRH pulse generator) insensitivity to P4 suppression is an important mechanism underlying the gonadotropin abnormalities that contribute to PCOS pathophysiology. Although multiple studies suggest that hypothalamic insensitivity to P4 suppression is largely related to hyperandrogenemia (5, 8, 18) , an earlier study in adolescent girls with hyperandrogenemia suggested that hyperinsulinemia may also play a role (7) . Accordingly, we assessed the effect of metformin-a common treatment of adolescent PCOS-on hypothalamic sensitivity to P4 suppression in adolescent girls with HA. Although short-term metformin use significantly improved hyperandrogenemia, it did not improve hypothalamic sensitivity to P4. These results are in keeping with our prior study of metformin in adult PCOS (10) , in which we assessed hypothalamic P4 sensitivity after treatment with metformin 500 mg three times daily for at least 4 weeks. In that study, we reported E2-and P4-mediated reductions in LH pulse frequency by 61% in control participants and 25% in women with PCOS, despite similar reductions in total T level (18% in control participants and 15.9% in women with PCOS). These metformin-treated women with PCOS demonstrated similar P4-induced changes in LH pulse frequency compared with previously studied women with PCOS without metformin pretreatment (5) . Overall, we concluded that metformin use failed to improve hypothalamic sensitivity to P4 in women with PCOS, despite modest improvement in hyperandrogenemia and hyperinsulinemia.
Compared with our prior study (10), the current study involved a higher dose of metformin (1 g twice daily vs 500 mg thrice daily) administered for a longer time (mean, 12.7 weeks vs 4 weeks), an administration pattern that more closely aligns with typical clinical practice. Perhaps most importantly, the current study involved assessments of hypothalamic P4 sensitivity both before and after metformin treatment, which allowed participants to serve as their own controls. This differs from our prior study of adult women, in which historical control participants were used for comparison. Overall, the procedural differences in the current study would be expected to enhance our ability to detect an improvement in hypothalamic P4 sensitivity, if a difference exists.
We previously reported that use of flutamide, an androgen blocker, normalized hypothalamic P4 sensitivity in adult PCOS (8) . The current study represents the second report suggesting that, although short-term metformin improves biochemical HA, it does not improve hypothalamic P4 sensitivity. We suggest that metformin may not reduce HA sufficiently to reverse hypothalamic sensitivity to P4 suppression, at least in the short term. That is, it is possible that, in contrast to potent androgen-receptor blockade, the modest reductions of circulating androgens observed with metformin are inadequate to reverse hypothalamic resistance to P4 negative feedback. It seems likely that most of our participants had relatively high androgen levels for several years, which perhaps promoted more durable changes that are resistant to metformin treatment. It is possible that the results of our study may have differed had we studied a group of girls with HA who were younger and nearer to menarche.
Despite therapeutic-dose metformin use for approximately 3 months, we did not observe a demonstrable improvement in hyperinsulinemia in the current study. Theoretically, a marked amelioration of hyperinsulinemia may have normalized hypothalamic sensitivity to P4 negative feedback. Prior studies using metformin in adolescents with PCOS have had variable findings. Arslanian et al. (19) found improvement in fasting and OGTT area-under-the-curve (AUC) insulin and glucose levels in 15 adolescents with PCOS who were treated with metformin (850 mg twice daily) for 3 months; these participants additionally had significant reductions in BMI and both total and free T levels, without changes in SHBG. Hoeger et al. (20) randomly assigned adolescents with PCOS to treatment of 6 months with placebo, metformin (850 mg twice daily), oral contraceptive pills (OCPs), or lifestyle changes. The six participants in the metformin group did not have a significant improvement in AUC glucose or insulin levels during OGTTs, nor in total T or SHBG levels; they did exhibit a significant improvement in fasting glucose levels. Bridger et al. (21) observed in 22 hyperinsulinemic adolescents with PCOS a nonsignificant trend toward improvement in insulin AUC and HOMA-IR with use of metformin (750 mg, twice daily) vs placebo for 3 months; BMI did not significantly improve, whereas total T level decreased significantly. Al-Zubeidi and Klein (22) studied 22 adolescents with PCOS who were randomly assigned to receive metformin (1000 mg twice daily) or OCPs for 6 months. The researchers found no significant improvement in insulin resistance measures with either therapy, significantly decreased BMI with both therapies, and improvement in free T levels only with OCPs.
Of note, in the current study, we did not provide structured education on lifestyle modifications to encourage weight loss; a multifaceted approach to hyperinsulinemia may have been associated with improved hypothalamic P4 sensitivity. It is possible that the lack of improvement in hyperinsulinemia could reflect participants' unreported nonadherence to metformin therapy. Additionally, our tests for insulin resistance and hyperinsulinemia are relatively imprecise and, therefore, may have failed to capture a decrease in insulin levels over the course of therapy. Furthermore, serum insulin levels may not be representative of the potentially more pertinent hypothalamic insulin exposure.
We note several additional limitations of our study. First, our study involved a relatively small study population-a limitation inherent to such studies in adolescents; accordingly, we may have had insufficient statistical power to detect modest changes in hypothalamic P4 sensitivity related to metformin use. Second, although the racial and ethnic diversity of the studied cohort reflects UVA's patient population, we recognize that this is unlikely to reflect the racial and ethnic composition of the general population with HA; findings may differ in a more diverse population. Participant 7, who is Hispanic, was the most sensitive to P4 suppression pre-and postmetformin therapy. This aligns with our prior observation of a trend toward normal P4 sensitivity in Hispanic study participants with HA (7). Finally, we noted that two participants (participant 2 at admissions 2 and 4, and participant 9 at admission 2) demonstrated day 7 P4 levels .15 ng/mL. This may be sufficient to overcome relative hypothalamic resistance to P4 suppression. The elevation in day 7 P4 concentrations may reflect participants' failing to use P4 as instructed.
Numerous studies, both in vitro and in vivo, have indicated a relationship between hyperinsulinemia and hyperandrogenemia. Insulin augments ovarian androgen production and additionally reduces SHBG, enabling higher free T levels (23, 24) . Despite ongoing research that has built on these concepts, the appropriate role for metformin in PCOS management remains unclear. Per the Endocrine Society's guidelines, metformin should be used in women with PCOS and type 2 diabetes or impaired glucose intolerance when these conditions cannot be managed with lifestyle changes alone (25) . For adolescents with suspected PCOS, the guidelines suggest consideration of metformin for treatment of glucose intolerance or metabolic syndrome. Some experts suggest that, compared with adults, adolescents with PCOS are more likely to benefit from metformin use (26) . Although numerous studies have demonstrated reduction in biochemical hyperandrogenemia with insulin sensitizers, there is no clear evidence to suggest that metformin substantially improves clinical HA in adults (e.g., hirsutism) (27) . Metformin appears to improve ovulation rates (28) ; however, clomiphene and letrozole appear to be superior to metformin in this regard (29, 30) , and the Endocrine Society's guidelines do not recommend metformin as first-line treatment of anovulatory infertility (25) .
In conclusion, the findings of this study of adolescent girls with HA suggest improvement in hyperandrogenemia, but not hyperinsulinemia or hypothalamic P4 sensitivity, after several months of metformin treatment. Interpreted within the context of the findings of our prior study of adult PCOS, this study further supports that metformin affects ovulatory function though a nonneuroendocrine mechanism, though future studies are needed.
